Introduction {#sec1}
============

Lung cancer is the leading cause of cancer mortality in both males and females worldwide \[[@B1]\]. In early stages, treatment of non-small-cell lung cancer (NSCLC) is mostly surgery. While, in inoperable late-stage NSCLC, radiotherapy plays a crucial role in the management of lung cancer \[[@B2]\]. However, a major contributor to radiotherapy failure is radioresistance, which is associated with specific cellular mechanisms including prosurvival signaling pathways, cell cycle checkpoint regulation, DNA damage repair pathway, epithelial--mesenchymal transition, and inflammation \[[@B3]--[@B5]\]. Thus, modulation of these mechanisms provides a promising alternative approach for enhancing radiosensitivity.

Protein phosphatase 2A (PP2A), a ubiquitous and multifunctional serine-threonine phosphatase, plays a critical role in cellular processes such as cell cycle progression, DNA replication, signal transduction, apoptosis, and invasiveness \[[@B6],[@B7]\]. Depending on the physiological needs of the cell, PP2A acts as a tumor suppressor or tumor promoter by inducing the conversion of its target proteins from a transiently phosphorylated state into a dephosphorylated state. Focussing on its role as a 'tumor suppressor', inhibition of PP2A induces tumorigenesis by phosphorylation of components of pathways involved in cancer cell growth, such as extracellular signal related kinase (ERK), p38, Akt, and NF-κB \[[@B8],[@B9]\]. However, emerging evidence suggests that inhibition of PP2A induces anticancer effects by sustained phosphorylation of p53, γH2AX, and ATM leading to apoptosis, cell cycle deregulation, and inhibition of DNA repair \[[@B10]--[@B12]\]. Moreover, PP2A inhibitors sensitize cells to radiotherapy by enhancing ionizing radiation (IR) induced mitotic catastrophe, reducing DNA damage repair, and diminishing the DNA damage response activity of p53 \[[@B13]\]. Therefore, the use of PP2A inhibition to overcome radioresistance would prove to be a good approach to enhance radiation response in NSCLC.

Recently, Kim et al. \[[@B14]\] found that STK11 mutant NSCLC cells were more sensitive to cardiac glycosides, especially digoxin. Cardiac glycosides are inhibitors of Na^+^/K^+^ ATPase, and are used to enhance cardiac contractility in patients with congestive heart failure and cardiac arrhythmias. According to previous pharmacokinetics/pharmacodynamic studies of cardiac glycosides, digoxin, which is one of cardiac glycosides, is primarily absorbed in small intestine and is eliminated by kidneys \[[@B15]\]. In addition, the pharmacodynamic effects of digoxin are correlated with the uptake of digoxin in the heart after a single dose and with the steady-state serum digoxin concentration during maintenance therapy \[[@B16]\]. Over the past few years, cardiac glycosides have been shown to have applications in cancer treatment \[[@B17],[@B18]\]. In clinical research, patients on *Digitalis* treatment showed better response to anticancer therapy and lower death rates than those who were not on *Digitalis* treatment \[[@B19]\]. Other studies also revealed that cardiac glycosides reduce proliferation and enhance apoptosis in various cancer cells at concentrations that were non-toxic to normal cells \[[@B20]--[@B22]\]. Indeed, some cardiac glycosides such as ouabain, oleandrin, and Huachansu enhanced radiosensitivity through inhibition of DNA repair and enhancing IR-induced apoptosis in NSCLC cells \[[@B23]--[@B25]\]. In addition, digoxin showed anticancer effects through suppression of Src activity \[[@B26]\] and inhibition of HIF-1α synthesis \[[@B27]\] in NSCLC. However, the radiosensitizing effects of digoxin have not yet been understood fully. In the present study, we investigated whether digoxin would enhance the radiosensitizing effect in NSCLC with particular emphasis on the role of PP2A in cancer.

Materials and methods {#sec2}
=====================

Drug {#sec2-1}
----

Digoxin was obtained from Sigma--Aldrich Chemical Corp. (St. Louis, MO, U.S.A.). Digoxin was dissolved in methanol to a concentration of 4 mM and stored at −20°C.

Cell cultures {#sec2-2}
-------------

Human NSCLC cell lines H460 and A549 were obtained from the Korean Cell Line Bank (Seoul, South Korea). H460 cells were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640) medium (Welgene, Seoul, South Korea) and A549 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Welgene, Seoul, South Korea), supplemented with 10% FBS, 100 units/ml penicillin, and 100 μg/ml streptomycin. All cells were cultured at 37°C in a humidified incubator under an atmosphere of 5% CO~2~.

Irradiation {#sec2-3}
-----------

Cells were irradiated with a ^137^Cs γ-ray source (Atomic Energy of Canada, Ltd., Chalk River, Ontario, Canada) at a dose rate of 2.67 Gy/min. Xenografted mice were irradiated using a ^60^Co γ-ray source (Theratron 780, Atomic Energy of Canada, Chalk River, Ontario, Canada) with a 0.5 cm diameter bolus of tissue equivalent material to allow for dose buildup.

Water-soluble tetrazolium-1 assays {#sec2-4}
----------------------------------

The cells were seeded in a 96-well plate at a density of 1 × 10^3^ cells per well. Digoxin in varying concentrations (0--120 nM) was added to each well, and the cells were incubated for 48 h, followed by the application of the water-soluble tetrazolium (WST)-1 cytotoxicity assay reagent (EZ-Cytox; DoGen, Seoul, South Korea) according to the manufacturer's recommendations.

Colony forming assay {#sec2-5}
--------------------

Cells were seeded into 60-mm culture plates and allowed to attach overnight before treatment with 40 nM of digoxin for 24 h before IR, and then further incubated for 24 h. Twelve days after seeding, colonies were fixed with 100% methanol and stained with 0.4% Crystal Violet, and the number of colonies with at least 50 cells was counted.

p-ATM immunofluorescence assay {#sec2-6}
------------------------------

Immunofluorescence staining was performed to determine the nuclear distribution of p-ATM foci in H460 and A549 cells using image analysis. Cells were grown on chambered slides 1 day prior to irradiation or digoxin treatments. After digoxin (40 nM) exposure for 24 h, cells were irradiated and incubated for 1 or 24 h before harvest. Cells were fixed with 4% paraformaldehyde, washed with PBS, permeabilized with 0.6% Triton X-100 in PBS, blocked with 4% FBS in PBS, and incubated in blocking buffer containing primary antibody against p-ATM (Santa Cruz Biotechnology, San Diego, CA, U.S.A.) and then incubated with FITC-labeled goat anti-mouse IgG (Invitrogen, Carlsbad, CA). Nuclei were counterstained with DAPI (Sigma, St. Louis, MO). Coverslips were mounted with fluorescence mounting medium. The slides were examined using a fluorescence microscope with digital imaging system (Olympus, Tokyo, Japan) and images were captured with a charge-coupled device camera. For quantitative analysis, foci-positive cells were counted in at least 50 cells from randomly captured images.

Western blot analysis {#sec2-7}
---------------------

Whole cells and homogenized tissue lysates were prepared in cold radioimmunoprecipitation assay (RIPA) buffer supplemented with phosphatase and protease inhibitors. Protein quantity was determined by Bio--Rad Protein Assay. Proteins were separated using SDS/PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 5% (v/v) skim milk in PBS with 0.1% Tween 20, incubated with the indicated antibodies (1:1000) and secondary antibodies (1:1000), and then subsequently developed using ECL Western blotting substrate (Cyanangen Srl, Bologna, Italy) using the ImageQuant LAS-4000 mini (GE, Fairfield, CT, U.S.A.). The signal intensity of the bands was measured with the Multigauge V3.0 software (Fujifilm Life Science, Tokyo, Japan).

Animal experiments {#sec2-8}
------------------

Athymic Balb/c nude mice (4-week-old males) were purchased from Nara Biothech Co. (Seoul, Korea) and maintained in a laminar airflow cabinet under specific pathogen-free conditions. H460 and A549 xenograft mouse models were established by subcutaneous injection of 3 × 10^6^ H460 or A549 cells into the right thigh. When the tumor attained a volume of approximately 100 mm^3^, the mice were randomly divided into four groups (*n*=6 or 10) including control, digoxin, IR, and combination of digoxin and IR. Digoxin and vehicle were orally administered every 2 days at a concentration of 3 mg/kg.

When the tumor volume of control group attained 200--250 mm^3^, the IR-treated groups (IR alone and digoxin plus IR) were treated with a single 5-Gy fraction of local-regional irradiation using a ^60^Co irradiator. The tumor volume (V) was calculated using the standard formula: V (mm^3^) = π/6 × (smaller diameter)^2^ × (larger diameter). Mice were killed by carbon dioxide (CO~2~) inhalation when the average tumor volume of the control group was 1000 mm^3^.

Statistical analysis {#sec2-9}
--------------------

Statistical analysis was performed using independent *t* test and one-way ANOVA followed by Tukey's honest significant difference (HSD) test through the Statistical Package for the Social Sciences (SPSS) software (version 23.0, Chicago, IL, U.S.A.).

Ethics statement {#sec2-10}
----------------

All animal study protocols and studies were approved by the Institutional Animal Care and Use Committee (IACUC) of the Korean Institute of Radiological and Medical Sciences (KIRAMS 2016-53).

Results {#sec3}
=======

Digoxin induces more cell death in radioresistant A549 than radiosensitive H460 cells {#sec3-1}
-------------------------------------------------------------------------------------

To evaluate the effect of digoxin on the cell growth, H460 and A549 cancer cells were exposed to various concentrations of digoxin for 48 h. Digoxin decreased cell growth by 89.5 ± 3.4, 66.4 ± 0.2, 48.2 ± 2.9, 38.7 ± 1.8, and 30.5 ± 1.5% in H460 cells (*P*\<0.05) and 50.6 ± 4.3, 38.4 ± 3.4, 30.7 ± 1.2, 26.4 ± 1.4, and 21.8 ± 3.3% in A549 cells (*P*\<0.01) at the concentrations of 40, 60, 80, 100, and 120 nM, respectively ([Figure 1](#F1){ref-type="fig"}A). Digoxin suppressed the proliferation of both cells in a dose-dependent manner, and A549 cells were more sensitive to cell death by digoxin than H460 cells were (*P*\<0.05).

![Digoxin inhibits H460 and A549 cell growth and has a radiosensitizing effect in radioresistant A549 cells\
(**A**) Cell viability determined by WST-1 assay. Cells were treated with vehicle and digoxin in indicated concentrations for 48 h. Each column represents the mean ± S.D. Radiosensitizing effect examined by colony forming assay in H460 (**B**) and A549 cells (**C**). Cells were pretreated with 40 nM digoxin, and then irradiated with different doses of γ radiations. Data shown are mean ± S.D. from at least three independent experiments. Tumor volumes from nude mice bearing xenografts of (**D**) H460 or (**E**) A549 cells. Mice were orally administered with digoxin 3 mg/kg per every 2 days. The control group received vehicle only. Tumor volumes were calculated as described in the 'Materials and methods' section. Values represent the mean ± S.E.M; \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](bsr-37-bsr20171257-g1){#F1}

Digoxin elevates radiosensitivity only in radioresistant A549 cells and xenograft tumors {#sec3-2}
----------------------------------------------------------------------------------------

To examine the effect of digoxin on the cellular radiation response, we treated with 40 nM of digoxin for 24 h followed by IR, and then removed the drug at 24 h after IR in H460 and A549 cells. The surviving fractions following exposure to a 2 Gy IR were determined to be 0.81 and 0.82 for H460 cells ([Figure 1](#F1){ref-type="fig"}B) and 0.87 and 0.60 for A549 cells (*P*\<0.001) ([Figure 1](#F1){ref-type="fig"}C), following treatment with IR alone and combined with digoxin, respectively. Combination of digoxin plus IR did not enhance the clonogenic cell death compared with IR alone in H460 cells, but it raised clonogenic cell death in A549 cells. These results indicated that IR treatment combined with digoxin elevates radiosensitivity in A549 cells, but not in H460 cells.

To validate the radiosensitizing effect of digoxin *in vivo*, H460 and A549 xenografts in athymic nude mice were established. The time required for the volume of control tumors to reach 1000 mm^3^ was 12 days for H460 and 31 days for A549 xenografts, and the growth rate of A549 was markedly slower than H460 xenografts ([Figure 1](#F1){ref-type="fig"}D,E). Single treatment with 5 Gy of IR inhibited tumor growth in both xenograft tumors and significantly suppressed tumor growth in radiosensitive H460 tumors (50.5 ± 8.5%; compared with control) while showing a lower level of suppression in radioresistant A549 tumors (16.3 ± 10.1%, *P*\<0.05; compared with control). Treatment with digoxin induced tumor growth inhibition in A549 tumors (31.9 ± 6.1%, *P*\<0.001; compared with control), but not in H460 xenograft tumors. Digoxin treatment combined with IR significantly reduced tumor growth in A549 xenograft tumors (54.8 ± 5.7%, *P*\<0.001; compared with IR alone), whereas digoxin did not enhance the tumor suppression by IR in H460 xenograft tumors. Oral administration of digoxin for 30 days in normal mice did not cause significant toxicity to mice treated with digoxin (3 mg/kg) as assayed by mouse body weight in comparison with the vehicle-treated control group (results not shown). Therefore, we speculated that digoxin enhances radiosensitivity in radioresistant A549, but not in radiosensitive H460 cells and xenograft tumors.

Digoxin enhances radiation response via reduction in PP2A expression {#sec3-3}
--------------------------------------------------------------------

To assess the role of digoxin as a PP2A inhibitor, we examined the expression of PP2A/A and PP2A/C by Western blotting. As shown in [Figure 2](#F2){ref-type="fig"}, the basal protein level of PP2A/A *in vitro* and *in vivo* was 1.6-times higher in H460 than A549 (*P*\<0.05). Treatment with digoxin reduced PP2A/A expression in both H460 and A549 cells ([Figure 2](#F2){ref-type="fig"}A). IR raised expression of PP2A/A and PP2A/C only in A549 cells. Digoxin attenuated IR-induced PP2A/A (*P*\<0.01) and PP2A/C expression in A549 cells, but not in H460 cells. Additionally, digoxin significantly reduced the IR-induced PP2A protein expression in A549 xenograft tumors but not in H460 xenograft tumors (*P*\<0.05) ([Figure 2](#F2){ref-type="fig"}B). These data show that digoxin acts as a PP2A inhibitor and enhances the radiosensitivity of A549 cells and xenografts by reduction in IR-induced PP2A protein levels.

![Digoxin reduces PP2A expression in H460 and A549 cells\
(**A**) Western blot showing protein expression levels of PP2A/A and PP2A/C in cells pretreated with 40 nM digoxin for 24 h, and then irradiated with 6 Gy IR. Bars represent ± S.D.; \**P\<0.05*, \*\**P*\<0.01. (**B**) Western blot analysis of PP2A protein levels from H460 and A549 xenograft tumor tissues. Tumors were isolated and lysed for Western blotting when the tumor volume of control group reached 1000 mm^3^.](bsr-37-bsr20171257-g2){#F2}

Digoxin suppresses the expression of cell cycle related proteins in A549 cells {#sec3-4}
------------------------------------------------------------------------------

To elucidate the effect of digoxin on accumulation of IR-induced cell cycle proteins, we examined the expression of related proteins by Western blotting. Treatment with digoxin for 48 h resulted in reduced levels of p53, cyclins (cyclin D1, cyclin A2, and cyclin B1), CDKs (CDK4, CDK6, and p-cdc2), and pRb in A549 cells, but not in H460 cells ([Figure 3](#F3){ref-type="fig"}). Moreover, the combination of digoxin with IR strongly reduced the levels of proteins up-regulated after IR (p53, cyclin D1, cyclin B1, CDK4, and p-cdc2) in A549 cells. However, digoxin did not affect the expression level of IR-induced proteins (p53, cyclin D1, cyclin A2, cyclin B1, and p-cdc2) in H460 cells. Thus, digoxin attenuates IR-induced expression of cell cycle checkpoint proteins in radioresistant A549 cells.

![Digoxin affects the reduction in cell cycle related proteins in A549 cells\
Western blot analysis of protein expression levels for p53, cyclins (cyclin D1, cyclin A2, cyclin B1), pRb, and CDKs (CDK4, CDK6, CDK2, p-cdc2) following treatment of digoxin, IR, and a combination of both. H460 and A549 cells were pretreated with 40 nM digoxin for 24 h, and then irradiated with 6 Gy IR.](bsr-37-bsr20171257-g3){#F3}

Combined treatment with digoxin and IR results in sustained DNA damage via accumulation of p-ATM and reduction in repair proteins in A549 cells {#sec3-5}
-----------------------------------------------------------------------------------------------------------------------------------------------

We analyzed the effect of digoxin on DNA damage by assessing the presence of the DNA damage marker, p-ATM, by immunofluorescence staining. As shown in [Figure 4](#F4){ref-type="fig"}A,B, digoxin alone did not affect the p-ATM foci formation in H460 and A549 cells. IR triggered the accumulation of p-ATM foci in both radioresistant A549 cells and radiosensitive H460 cells, although to a much higher level in the latter (*P*\<0.001; compared with control). Combination of IR with digoxin treatment did not increase the foci formation compared with IR alone in H460 cells, but it enhanced p-ATM foci formation in A549 cells up to 24 h after IR (*P*\<0.001; compared with IR alone). To investigate whether digoxin affected DNA repair pathways, we examined the expression levels of homologous recombination (HR) repair proteins (Rad51, ERCC1, and BRCA2) and non-homologous end joining (NHEJ) repair proteins (ku70, ku86, and DNA-PKcs) in H460 and A549 cells by Western blot analysis. In radiosensitive H460 cells, digoxin did not affect the level of repair proteins ([Figure 4](#F4){ref-type="fig"}C). However, digoxin reduced expression of proteins involved in the HR repair pathway (Rad51, ERCC1, and BRCA2) and the NHEJ repair pathway (ku70, ku86, and DNA-PKcs) in radioresistant A549 cells. Hence, digoxin strongly potentiates the induction of DNA damage by IR treatment and decreases levels of repair proteins in radioresistant A549 cells, but not in radiosensitive H460 cells.

![Digoxin prolongs IR-induced accumulation of p-ATM foci and reduces expression of repair proteins in radioresistant A549 cells compared with H460 cells\
The p-ATM foci formation in **(A)** H460 and**(B)** A549 cells treated with 40 nM digoxin, 6 Gy radiation, or both, and stained for p-ATM at 1 or 24 h after IR. Graph represents the quantitation of cells with positive p-ATM foci. Bars represent ± S.D.; \*\**P*\<0.01, \*\*\**P*\<0.001. (**C**) Western blot analysis of expression levels of HR repair proteins (Rad51, ERCC1, and BRCA2) and NHEJ repair proteins (ku70, ku86, and DNA-PKcs) in both cell types.](bsr-37-bsr20171257-g4){#F4}

Discussion {#sec4}
==========

Digoxin, a well-known cardiac glycoside, is widely used in the treatment of cardiac failure, and it also inhibits the growth of STK11 mutant NSCLC cells \[[@B14]\]. As previously noted, digoxin reduced EGFR and STAT3 activity via suppression of Src activity \[[@B26]\] and down-regulated VEGF levels via the inhibition of HIF-1α under hypoxic conditions \[[@B27]\]. Although radiation-sensitive efficacy by digoxin has not yet been clarified, several lines of evidence have suggested that digoxin may increase radiosensitivity by reducing radioresistance-related proteins (e.g. Src, HIF-1α) \[[@B26],[@B27]\]. This study demonstrated that a novel function of digoxin, the inhibition of PP2A, enhances radiosensitivity of radioresistant lung cancer cells *in vitro* and *in vivo*.

PP2A exists as a heterodimeric or heterotrimeric holoenzyme consisting of catalytic (C), scaffold (A), and regulatory (B) subunits that regulate the activity for either inhibitory or stimulatory effects on cell growth \[[@B28]\]. Although the dual activity of PP2A continues to be a controversial topic, inhibition of PP2A is of interest as a method to target tumors resistant to conventional treatments. Several studies have suggested that inhibition of PP2A induces anticancer effects through the activation of the JNK pathway \[[@B29]\], and the modulation of the PI3K/Akt pathway \[[@B30]\]. We found that digoxin increased the anticancer effect ([Figure 1](#F1){ref-type="fig"}A) and decreased PP2A/A protein levels ([Figure 2](#F2){ref-type="fig"}) in radioresistant A549 to a degree greater than radiosensitive H460 cells and xenografts. Thus, our data reveal that digoxin functions as a PP2A inhibitor to enhance anticancer effect in radioresistant A549 cells and xenografts. Interestingly, slowly growing tumors are particularly resistant to radiotherapy \[[@B31],[@B32]\] and inhibition of PP2A could convert resistant tumor cells into a more sensitive phenotype by accelerating the cell cycle. Consistent with previous reports, the present study showed that PP2A inhibition by digoxin enhanced radiation response in slowly growing A549 cells and xenografts but not fast growing H460 cells ([Figure 1](#F1){ref-type="fig"}). Next, the evidence from multiple lines of investigation in our study confirmed that digoxin radiosensitized A549 cells via PP2A inhibition. Compared with radiosensitive H460 cells, IR increased the expression of PP2A in radioresistant A549 cells, allowing more cells to stop at the cell cycle checkpoint ([Figure 2](#F2){ref-type="fig"}). Digoxin attenuated IR-induced PP2A protein levels and led IR-induced damaged cells to progress through the cell cycle. Furthermore, digoxin reduced cell cycle checkpoint proteins (p53, cyclin D1, cyclin B1, CDK4, and p-cdc2), which may support cell cycle progression ([Figure 3](#F3){ref-type="fig"}). Previous reports have suggested that PP2A inhibition increases DNA damage by enhancing γH2AX foci retention \[[@B12]\] and inhibition of HR repair of IR-induced DNA damage in U251 cells \[[@B13]\]. PP2A suppressed autophosphorylation of ATM \[[@B11]\] and a combination treatment with IR and PP2A inhibitor enhanced IR-induced DNA damage by autophosphorylation of ATM. In our study, digoxin significantly enhanced IR-induced p-ATM foci formation and prolonged the duration of p-ATM foci expression in radioresistant A549 cells ([Figure 4](#F4){ref-type="fig"}B). In addition, digoxin suppressed the expression of repair proteins, reducing the recovery of DNA damage caused by the combination treatment ([Figure 4](#F4){ref-type="fig"}C). Collectively, these results suggest that the radiosensitizing effect by digoxin may be related to cell cycle regulation and DNA damage repair pathways. However, the exact radiosensitive mechanism of digoxin via inhibition of PP2A protein in radioresistant A549 cell line remains to be further studied.

In conclusion, these findings represent the first evidence that digoxin acts as a PP2A inhibitor and enhances the radiosensitivity of radioresistant NSCLC cells. Our data support further evaluation of digoxin as well as preclinical exploration of the radiosensitizing properties of digoxin and other PP2A inhibitors.
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